Testis germ cell transplantation in livestock has the potential for production of transgenic genotypes and for use as an alternative to artificial insemination in animal breeding systems. In a pilot experiment, we investigated a workable protocol for testis germ cell transplantation in sheep, including donor cell isolation, rete testis injection, and microsatellite detection of donor spermatozoa in recipient semen. In a second experiment, the effect of depletion of endogenous stem cells with a single irradiation dose of 9 Gy (n ¼ 5) or 15 Gy (n ¼ 5) on the outcome of germ cell transplantation was investigated. Irradiation of recipient testes with a single dose of 15 Gy, followed by transplantation 6 wk after depletion, may be most advantageous because it resulted in all recipients (five of five) producing donorderived spermatozoa, while the 9-Gy and control groups had limited success rates (two of five and one of three, respectively). Using microsatellite markers to detect the presence of donor DNA, 10 rams were identified that produced spermatozoa of donor origin. The proportion of donor DNA was between 1% and 30% of total ejaculate DNA. When three of these positive rams were used in breeding experiments, four donor-derived offspring (four of 50 [8% of progeny])resulted from a recipient in Merino to Merino transplantation. Six lambs (six of 41 [15% of progeny]) were sired by donor-derived Border Leicester sperm produced in a Merino recipient ram; however, no donor-derived offspring were detected among 34 progeny from a second Border Leicester to Merino combination. These results confirm that preparation of recipient animals with a correct dose of irradiation not only enhances the success rate of the transplantation procedure but also increases the proportion of donor spermatozoa in recipient semen. This study represents the first report of the production of live progeny following testis germ cell transplantation using irradiated recipients in a livestock species.
INTRODUCTION
Allogeneic transplantation of germ cells from the testes of donors into recipients has resulted in the production of donorderived offspring following natural mating in mice and rats [1, 2] . Subsequently, the male germ cell transplant technique has been extensively used to study the control of spermatogenesis [3, 4] . Recently, the technique has been applied to livestock species, initially in pigs [5] , followed by goats [6] and cattle [7] [8] [9] . In 2003, the first livestock animal produced by germ cell transplantation (a goat) was born [10] , and offspring have been produced more recently in the chicken [11] . To date, generation of viable spermatozoa and production of live progeny have not been repeated in other livestock species.
Male germ cell transplantation is attracting attention in livestock species because of its potential use for production of transgenic animals [12] [13] [14] , propagation of elite sires [8, 15] , and preservation of genetic material. Greater understanding of the control of spermatogenesis, especially in livestock species, may also lead to novel methods of controlling fertility in a range of mammals, including humans. In livestock species, combining male germ cell transplantation with large-scale culture of testis stem cells would provide a renewable source of stem cells for transplantation. Therefore, it could represent an alternative to artificial insemination (AI) using elite sires in the extensive production system, in which AI is more impractical [15] .
The immunological response to germ cell transplantation is of great interest, with contrasting results published for allogeneic transplants in rodent [1, 16] and nonrodent [10] species. In rodents, successful germ cell transplantation requires recipients to be either immunosuppressed or genetically related to the donor animal. In contrast, successful transplantation of allogeneic germ cells in goats was achieved without the use of infertile or immunosuppressed recipients [10] . Our early results from heterologous germ cell transplantation in cattle also support the concept of immunotolerance in the testes of livestock species [8, 9] . However, it remained unknown whether the same immune tolerance observed within a breed would also allow the survival and proliferation of donor cells in a recipient testis of different breed and thus permit the production of functional spermatozoa. This feature may therefore allow broader applications of testis germ cell transplantation in large animals.
We have successfully established testis germ cell transplantation in cattle [8, 9, 17] and attempted to adapt this protocol to sheep in the present study. However, the low success rate of the transplantation procedure, with a corresponding small proportion of donor spermatozoa in recipient semen, is a major obstacle to this strategy being utilized in livestock industries [8] [9] [10] . In rodents, depletion of endogenous testicular stem cells by irradiation or chemotherapy drugs is a prerequisite for successful transplantation. Until now, there has been little information in the literature with regard to the beneficial effects of the preparation of recipients in germ cell transplantation among livestock animals [18, 19] . In the present study, we developed an effective protocol for testis germ cell transplan-tation in sheep and then compared the effect of different doses of irradiation on the outcome of germ cell transplantation.
MATERIALS AND METHODS

Animals
In the first experiment, four Merino ram lambs with scrotal circumferences (SCs) of 12-21 cm were used as recipients, while one prepubertal Merino ram (SC, 13 cm) and one pubertal Border Leicester ram (SC, 21 cm) were used as donor animals to provide testis germ cells. In the second experiment, 15 Merino rams with an SC ranging from 21 to 28 cm were used as recipients. Donor testicular cells were isolated from five crossbred (Merino 3 Border Leicester) and one Border Leicester ram with SCs ranging from 21 to 25 cm. All animals were kept in the farm facility at Chiswick, NSW, Australia. Animals were handled and treated according to the guidelines of the animal ethics committee at CSIRO, Armidale, NSW, Australia.
Irradiation Treatment
All recipient animals were irradiated before testis cell transplants. The animals were anesthetized using Zoletil (i.v., 0.1 ml/kg; Virbac Corporation) and received irradiation directly to both testes from a 6-mV photon beam using a linear accelerator at a dose rate of 2 Gy/min. The SCs and thickness of the testes were measured, and irradiation programs were calculated accordingly.
In the first experiment, two animals at the peripubertal stage with an SC of 12 cm were irradiated with a single dose of either 9 or 15 Gy. Another two animals at the pubertal stage with an SC of 21 cm were irradiated with a single dose of 9 Gy.
In the second experiment, all testes of pubertal animals were scanned by ultrasound to determine the visibility of the rete testis and suitability for performing transplants. The animals with visible rete testes were selected. Five pubertal animals were treated with 9 Gy, while another five rams were treated with 15 Gy.
Preparation of Donor Cells
Rams were castrated under general anesthesia (2%-3% isoflurane vapor in a 1:2 oxygen:nitrous oxide ratio), and testis tissues were transported on ice to the laboratory within 1 h. Single-cell suspensions were isolated from the testis tissue using a two-step enzymatic digestion as described by Herrid et al. [17] . A 6-to 10-g fragment of tissue was used as an isolation unit. Testis tissue was dissected free of the rete testis and connective tissue and was transferred to a petri dish that contained 5 ml of Dulbecco modified Eagle medium (DMEM)/ F12 þ P/S (100 U/ml of penicillin and 100 lg/ml of streptomycin; Gibco). After rinsing, the tissues were transferred to a second petri dish with 5 ml of DMEM/F12 and were chopped finely. The tissues were placed in a metal mesh strainer and were gently ground with a 5-ml syringe plunger. The remaining tubule sections were transferred into a 50-ml Falcon tube (BD Australia) and were then incubated with collagenase (1 mg ml À1 , type IV; Sigma) in a shaking water bath at 378C. During this period, the tissue samples were frequently checked by microscopy, and the reaction was stopped when the tubules became dissociated from each other. The supernatant was removed by centrifuging at 300 3 g for 2 min, and the tissues were rinsed three to five times in Dulbecco PBS without calcium and magnesium (DPBS) at room temperature. The singletubule fragments were then treated with trypsin (0.25 mg ml
À1
; Gibco BRL) in DPBS for 5-10 min at 378C. DNase I (7 mg ml À1 ; Sigma) in DMEM was added 1 min after trypsin treatment. An equal volume of DMEM/F12 with 5% fetal bovine serum (FBS; Invitrogen) was used to inactivate trypsin digestion. The resultant cell suspension was then filtered though a cell strainer with two layers of nylon mesh (pore size, 96-lm upper layer and 55-lm lower layer) and centrifuged at 400 3 g for 5 min at room temperature. The pellets were resuspended in 10 ml of DMEM containing 5% FBS at a density of 40-80 3 10 6 cells/ml. The cell viability was assessed by trypan blue exclusion. The cells were kept at 48C until transplantation.
Immunostaining
Following enzymatic isolation of seminiferous tubule cells, the percentage of cell types was assessed by staining with different antibodies that have been validated in bull testis [17] . Smears were prepared from freshly isolated cells and were air dried at room temperature overnight. The slides were wrapped in foil and stored at À808C until staining. Before staining, the slides were brought to room temperature before unwrapping to prevent condensation. Smears were fixed in Bouin solution for 2 min and rinsed thoroughly with Tris-Buffered Saline Tween-20 (TBST). All sections were quenched by incubation in 0.6% hydrogen peroxide for 10 min and blocked with TBST for 10 min. Slides were incubated with polyclonal rabbit anti-PGP 9.5 antibody (DAKO) at 1:800, rabbit anti-VASA at 1:40 (Sappire Bioscience), rabbit anti-vimentin antibody (Zymed) undiluted, and GATA4 at 1:200 (Santa Cruz Biochemicals) for 30 min at room temperature. PGP9.5, VASA, and vimentin slides were incubated with EnVision (DAKO) for 30 min. GATA4 slides were incubated with biotinylated goat anti-rabbit immunoglobulin (5 lg/ml; Vector Laboratories) for 30 min at room temperature, followed by a 30-min incubation with Vector ABC reagent. Visualization of the specific immunolocalization of each antibody was developed using the chromogen diaminobenzidine (Vector Laboratories). All incubations were performed in a moist chamber. Mouse and rabbit immunoglobulin (Sigma) and goat serum were used as negative controls for primary antibodies, and the replacement of secondary antibodies with buffer was used as their negative controls.
Five hundred cells were counted in each section. The percentages of positive cells were calculated.
Transfer of Testis Cells into Recipients
Under general anesthesia (2%-3% isoflurane vapor in a 1:2 oxygen:nitrous oxide ratio), donor testis germ cells were transferred into the seminiferous tubules of recipient ram testis via ultrasound-guided injection of the rete testis using the technique described previously for pig [5] and cattle [7, 8] . After successful placement of a 20-gauge anesthesia catheter in the rete testis, 5 ml of cell suspension with a concentration of 36-46 3 10 6 cells/ml was injected over 3-5 min. To confirm a successful injection, a small quantity of air was injected into the testis after the cells, and the ultrasound image was examined for a characteristic pattern.
In the first experiment, testes of two peripubertal recipients (transition from gonocytes to spermatogonia [n ¼ 2]) received Merino cells 16 wk after irradiation. The left testes of recipient rams were injected with donor cells labeled with fluorescent dye PHK26 (Sigma), while the right testes were given unlabeled cells. The labeling of donor cells with the fluorescent dye PKH26 was performed according to the manufacturer's recommendations. Both animals received 260 million unlabeled cells in the right testis and 180 million PKH26-labeled cells in the left testis. For the two animals irradiated at the pubertal stage, unlabeled donor cells isolated from the Border Leicester ram were transplanted into both testes of the recipients 5 wk after irradiation.
In the second experiment, donor testicular cells were enzymatically isolated from five Merino 3 Border Leicester rams and one Border Leicester ram. Cells from individual rams were transferred into 13 recipient rams (including three nonirradiated controls) by injection into both testes 6 wk after irradiation.
Donor and Recipient Genotyping
Genomic DNA was prepared from whole blood or buffy coat of donor and recipient animals using a QIAamp DNA Blood Kit (Qiagen) according to the manufacturer's instructions. Nucleic acid concentrations of samples were determined using a NanoDrop 1000 spectrophotometer (Thermo Scientific). A panel of ovine microsatellite markers was used to screen donor and recipient animals ( Table 1 ). The PCR was performed on 50 ng of genomic DNA using HotStarTaq (Qiagen). All PCR reactions were run for 40 cycles with an annealing temperature of 608C and were visualized on 3% NuSieve GTG (Cambrex) 1% agarose gels to permit high resolution of the resulting bands. The primer sequences for the microsatellite markers are given in Table 1 , and the forward primer of each pair was labeled at the 5 0 end with FAM dye. Markers that detected differences between donors and recipients were then used to detect donor DNA in recipient semen samples. The ovine microsatellite marker McM512 [20] was able to detect genotypic differences between all donor and recipient pairings in this study.
Detection of Donor Cells in Recipient Testis and Donor DNA in Recipient Ejaculate
In the first experiment, the left testes of two recipients at the prepubertal stage were removed by castration 2 wk after transplantation to evaluate the location of the transferred cells, while the right testes were kept in place for long-term assessment of sperm output. Samples from left testes were prepared for analysis of labeled cells via wet mounts of tubules, individual cell isolation, and frozen sections. Each testis was evenly cut into five sections, and three pieces of tissue were collected from each section for the following: 1 g of tissue for germ cell isolation, 0.4-to 0.6-cm pieces of tissue for wet-mount tubule isolation, and 0.8-to 1-cm pieces of tissue for frozen samples. Tubule fragments were isolated, and a single-cell suspension was produced according to the methods outlined for donor cell preparation. In frozen sections, the samples were examined under transmitted light and fluorescent microscopy (rhodamine and fluorescein isothiocyanate filter) at 100-4003 magnification.
Semen samples were collected from all recipients using an artificial vagina for detection of donor DNA in the ejaculates. Semen was also collected from control animals to provide reference to recipient ejaculates regarding semen volume and density, as well as sperm motility. Semen samples were stored at À808C before processing.
To extract DNA from semen, 100 ll of each sample was washed with 1 ml of PBS (pH 7.4) in a 1.5-ml centrifuge tube, mixed by hand, and centrifuged at 5000 3 g for 2 min to pellet the sperm. The supernatant was removed, the pellet was resuspended in another 1 ml of PBS and centrifuged at 5000 3 g for 4 min, and the supernatant was once again discarded. The sperm were then lysed with 450 ll of prewarmed (608C) extraction buffer (10 mM Tris, 10 mM edetic acid [pH 8], 1% SDS, and 100 mM NaCl) with the addition of 50 ll of dithiothreitol (0.5 M) and 50 ll of proteinase K (20 mg/ml) overnight at 658C in a shaking water bath. Following incubation, 160 ll of saturated NaCl solution was added, and the mixture was shaken vigorously. The precipitate was spun down, and the supernatant was added to 800 ll of ethanol to allow the DNA to precipitate. The DNA was recovered by further centrifugation, washed with 70% ethanol, air dried, and resuspended in 200 ll of Tris-EDTA buffer. Nucleic acid concentration was determined using the NanoDrop 1000 spectrophotometer, and samples were stored at À208C.
The sperm DNA samples were amplified using the same PCR conditions as already detailed with the appropriate microsatellite marker primers (Table 1 ). All PCR reactions were diluted 1:50 and were analyzed using an ABI 3130XL Genetic Analyzer (Applied Biosystems). Peak heights of alleles at varying donor DNA concentrations were used to construct a standard curve for each donor-recipient combination. Positive posttransfer samples could then be quantitated from this curve.
Synchronization of Ewes and AI with Recipient Semen
Merino ewes were kept on pasture with water and hay available ad libitum. Estrus was synchronized in animals using sponges impregnated with 30 mg of flugestone acetate (Ovagest; Bioniche), which were inserted into the vagina for 15 days. At sponge removal, animals received an i.m. injection of 250 IU of equine chorionic gonadotropin (Pregnecol; Bioniche). Laparoscopic AI was performed 51 h after sponge removal using semen from positive rams that were shown to have donor DNA present in their ejaculates. Semen was collected from the two rams by artificial vagina and were diluted with ultra-hightemperature milk (1:3) before insemination. Intrauterine AI by was performed in 50 ewes each day, each receiving approximately 4-5 3 10 6 motile spermatozoa per uterine horn.
Lambing and Paternity Test
Ewes lambed in small groups of three to four in individual pens in an indoor lambing facility. Most births were observed, and lambs were ear tagged at birth. A few lambs born late at night were tagged the next morning. Blood samples were collected from ewes and lambs, and buffy coat was prepared for DNA extraction.
Genomic DNA from donors, recipients, ewes, and lambs was prepared using the GenElute DNA Extraction Kit (Sigma). For lambs that perished before collection of blood samples, DNA was extracted from 10 mg of kidney sample tissue using the AquaPure Genomic Tissue DNA Extraction Kit (BioRad). DNA quantity was assessed by measuring absorbance at k ¼ 260 nm, and the quality was determined by a ratio of k ¼ 260/280 nm being close to 1.8. A panel of seven fluorescently labeled microsatellite markers (Table 2) were amplified in two multiplex PCRs using HotStarTaq DNA polymerase according to the manufacturer's instructions. The amplicons were run on an ABI 377 Genetic Analyzer and were analyzed using ABI Genotyper software. Genotypes of all animals were scored twice blinded to the animal's identity. All genotypes were then tabulated, and the resulting lamb genotypes were assessed for paternity. A positive result from the donor sire required at least three markers.
Statistical Analysis
Analyses were performed using SAS for Windows, release 8.01 (SAS Institute). Data were presented and expressed as the mean 6 SEM. Variations of individual points from baseline were investigated using NPAR1WAY Wilcoxon option and Kruskal-Wallis chi-square test. Differences were considered significant at P , 0.05.
RESULTS
Detection of Donor Cells in Recipient Testes
We investigated a workable protocol for testis germ cell transplantation in sheep. This included donor cell isolation, recipient preparation, and injection technique under field conditions.
In the pilot experiment (Table 3) , two animals at the peripubertal stage were irradiated with a single dose of 9 or 15 Gy. The left testes of two recipient rams were injected with donor cells labeled with fluorescent dye PHK26 16 wk after irradiation and were removed by castration after 2 wk to evaluate the location of the transferred cells. In these two testes, red fragments or debris were observed in clusters in isolated tubules (Fig. 1A) , while numerous PKH26-positive cells were identified in the interstitial area of the cryosections (Fig. 1C) . In the cryosections from one of the testes, PKH26-positive cells were found as single cells on the basement membrane in 2% of the seminiferous tubules (Fig. 1E) , whereas no positive cells were seen in the other testis. The right testes were kept in place for long-term assessment of sperm output.
Another two animals at the pubertal stage were irradiated with a single dose of 9 Gy and were transferred with Border Leicester cells 5 wk after irradiation. The animals were kept intact for assessment of sperm output.
Semen sample collection from the four rams started 6-10 mo after germ cell transplantation until the end of experiments. 
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The semen samples from three recipients were within the normal range of volume and sperm motility throughout the study period. In one recipient's semen samples, only dead sperm and round cells were observed. The semen densities in the control animals were higher than those in the transferred animals but were not statistically different.
In the ejaculates, donor-derived DNA was detected in two of four recipient rams from 6 to 10 mo after transfer, and production persisted up to 30 mo. During the collection period, the percentage of donor DNA in the semen samples fluctuated, displaying an overall decrease with time from 15% to 1%. Having identified the positive rams, 99 ewes were synchronized and artificially inseminated using the semen collected 12 mo (sire 242) and 10 mo (sire 8737) after germ cell transfer (Table  4 ). Using seven highly polymorphic microsatellite loci, four of 51 lambs (8%) were identified as being sired by donor-derived sperm produced in the recipient ram that received a Merino to Merino transplantation, while no donor-derived offspring (zero of 34) were obtained from the recipient with Border Leicester to Merino transplantation (sire 8737) ( Table 4) .
Effect of Irradiation Dose on Testis Germ Cell Transplantation
Having confirmed that the protocol developed in the pilot experiment was workable and the resultant recipients could produce the donor-derived sperm, we systematically examined the effect of irradiation doses on the outcome of transplantation and the proportion of donor-derived spermatozoa in recipient ejaculates (Table 5) . 
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As shown in Figure 2 , the mean SCs of control animals increased consistently over time from 24 to 30 cm during 16 wk. On average, the testis SCs increased 1 cm every 18.6 days. The size of the testes decreased rapidly following irradiation in both treatment groups 2-4 wk after irradiation. The SCs did not change 4-6 wk after irradiation in both groups, in which it was approximately 7 cm less than the controls. The testes sizes remained significantly smaller than the controls until 8 wk after irradiation, at which time the SCs started increasing rapidly. There were no significant differences between irradiation groups and controls at the end of the 16-wk observation period.
Donor germ cells were isolated from five crossbred (Merino 3 Border Leicester) rams and one Border Leicester ram by twostep enzymatic digestion. A mean of 160 million cells were isolated per gram of testis tissue. The viability of the cells after isolation averaged 91%. On average, the single-cell suspension contained 8.1% 6 1.9% of PGP9.5, 54.3% 6 2.7% of VASA, 56.9% 6 7.7% of vimentin, and 48.9% 6 8.5% of GATA4-positive cells (Fig. 3) .
To investigate the functionality of the irradiated recipient testes, semen was collected from all recipients from 13 wk to 22 mo after transplantation. No noticeable differences were observed in the semen samples from experimental animals in terms of semen color, motility, and morphology.
The presence of donor DNA in ejaculates was determined by PCR using microsatellite markers. One of three (33%), two of five (40%), and five of five (100%) recipients tested positive for donor DNA in the control, 9-Gy, and 15-Gy groups, respectively. Although no statistical difference was observed in the success rate of the transplantation procedure among the groups, the proportion of donor sperm in recipients was significantly higher in the 15-Gy group (9.7%) compared with the 9-Gy group (1.1%) ( Table 5) .
Although the semen was tested from 13 wk after transplantation, the first semen samples to produce donor sperm were identified in a recipient from the 15-Gy group 15 wk after transplantation. Furthermore, one recipient from the 15-Gy group produced donor sperm only from 40 wk after transplantation onward. One ram in the control group tested positive for donor DNA 17 wk after transplantation but tested negative at 29, 36, and 40 wk and then became positive again from 50 wk onward. The highest percentage (30%) of donor-origin sperm was identified in a ram treated with 15 Gy (Fig. 4) .
Testis Germ Cell Transfer Between Breeds
Two positive rams were obtained from the transplantation between pure breeds, in which Border Leicester DNA was found in the semen of a Merino recipient from the 15-Gy group. To investigate the functionality of the donor-origin sperm in recipient ejaculates, 52 ewes were artificially inseminated with semen collected from one recipient (sire 9493) 53 wk after transplantation ( Table 4) . Six of 41 lambs (15%) were identified as being sired by donor-derived sperm produced in the recipient ram.
DISCUSSION
This study investigated the feasibility of testis germ cell transplantation between the same and different breeds of sheep, as well as the functionality of donor sperm produced in recipient testis. Using microsatellite markers, our study demonstrated that testis germ cell transplantation between unrelated immunocompetent rams of different breeds is feasible and that the resultant recipients are capable of producing functional sperm of donor origin. Production of live progeny of the Border Leicester donor genotype following transplantation of testicular germ cells to Merino recipient rams further supports the notion of immunotolerance of the testis environment of foreign stem cells in livestock species [9, 10] .
Quantification of the effect of irradiation on the proportion of donor-origin spermatozoa production has not been documented previously because of the lack of efficient methodology. In addition, the methods for detecting successful germ cell transplantation in livestock species are limited because of the lack of transgenic donor cells, which are commonly used in rodents to quantitatively evaluate the efficacy of transplantation [1, 21] . Thus, the development of a microsatellite marker-based analysis that distinguishes different genotypes in the sheep in this study has provided a means to detect and quantitatively assess donor-origin sperm production in recipients and will greatly facilitate testis germ cell transplantation in livestock animals [22] . In addition, the donor-origin semen production in untreated recipient animals indicates either that donor stem cells are able to compete with endogenous stem cells for niches on the basement membrane or that there are vacant niches within the seminiferous tubules that can be occupied by these donor cells.
The high success rate (100%) of the transplantation procedure developed in the present study can be attributed to the use of irradiation in the preparation of the recipient. There are two ways to heighten the efficiency of germ cell transplantation, namely, suitable preparation of the recipient's testis [23] or increased purity of undifferentiated spermatogonia in the donor cell isolation [24, 25] . Although donor cells can colonize unprepared recipient testes [10, 23] , colonization efficiency can be enhanced significantly by providing more stem cell niches in recipient testis for transplanted germ cells [19, 24] . Irradiation efficiency usually depends on irradiation dose and animal age at the time of irradiation. In cattle, a single dose of 10-14 Gy was required to delete endogenous spermatogenesis in prepubertal bull calves [7] , while a single dose of 12 Gy in adult ram testes did not improve the uptake rate of transplanted dye into seminiferous tubules [18] . The results observed in the present study suggest that irradiation of recipient testis with a single dose of 15 Gy at a pubertal stage, followed by transplantation at 6 wk, may be more advantageous because it resulted in all recipients producing donorderived spermatozoa. In contrast, the 9-Gy and control groups had a limited success rate.
The outcome of colonization is also dependent upon the optimal time of transfer of the donor cells. The timing of transplants must take into account when the greatest numbers of stem cell niches are available after endogenous stem cell removal, as well as the health of the testicular environment to support donor cell colonization. Although depletion of spermatogonial stem cells and its recovery pattern were not histologically examined in this study, we determined the optimal transplantation time according to the SC changes after irradiation. Previous studies [8, 26] demonstrated that SC is a good indicator of testis maturity and active spermatogenesis. Therefore, changes in the SCs were used to assess the effect of irradiation on germ cell depletion and repopulation following transfers. The rapid decline of SCs 2-4 wk after irradiation indicates depletion of germ cells and cessation of active spermatogenesis. The testis sizes become stable 4-6 wk after treatment; thus, we decided to perform germ cell transplantations at 6 wk. These results were consistent with previously reported observations [18] . The SCs increased rapidly from 2 wk after transplantation, and it is reasonable to speculate that it may take 2 wk for the transferred cells to colonize recipient testis and start proliferation. Monitoring the fate of transferred donor cells with PKH26 dye indicated that up to 2% of tubules contained PKH26-positive cells on the basement membrane 2 wk after transplantation, suggesting that these transferred cells had successfully migrated to the position of spermatogonial TESTIS GERM CELL TRANSPLANTATION IN SHEEP stem cells. However, the presence of PKH26-positive cells in the interstitium was also observed.
The preparation of recipient testis with irradiation not only enhances the efficiency of the germ cell transplantation procedure but also increases the proportion of donor sperm in recipient ejaculates. The success rate of the transplantation procedure in the present study in the 15-Gy group (five of five [100%]) was much higher than the results in goat transplantation using untreated recipients (two of five [40%]) [10] or in the nonirradiated control group in our study (one of three [33%]). Furthermore, the highest amount of donor spermatozoa in recipient ejaculates (approximately 30%) was also observed in the 15-Gy group, which was significantly higher than that in the 9-Gy and control groups. The greater availability of stem cell niches in irradiated testes would allow more stem cell colonization. Using the irradiation scheme proposed herein combined with the enrichment of donor cells, the efficiency of the technique could likely be improved [25] .
It is evident that the proportions of donor-origin spermatozoa in recipient semen fluctuate at different time points (Fig. 4) . It is impossible to detect the proportion of donor-origin spermatozoa in recipient ejaculate before AI to maximize the chance of producing donor-derived offspring because of the lengthy time required for microsatellite detection of semen and preparation of recipient ewes (estrous synchronization). However, the percentages of donor-origin spermatozoa in semen that were used in AI were close to the percentages of positive lambs sired by donor-origin spermatozoa ( Table 4 ), indicating that the quantification of donor DNA in recipient samples in this study is indicative. In testis germ cell transplantation in rats [27] , variations in the percentages of donor-derived offspring from an individual male have been reported. We also observed fluctuations in the proportion of donor-origin spermatozoa in the ejaculations from an individual animal during the period of semen collection. Almost 7% of progeny carried the donor-derived transgene when a male goat resulting from a germ cell transplantation that contained 2% of donor-origin spermatozoa was joined with normal ewes [10] . In experiments using mice, the fetal busulfan-treated recipient sired approximately 25% of progeny [23] . One of the recipients in the present study produced 15% of donor-derived progeny.
Irradiation of testis with 9 and 15 Gy had identical effects on the SCs of irradiated rams. However, there were significant differences in the proportion of donor spermatozoa production in recipient ejaculates. One possible explanation may be that 9 Gy might not be an adequate dose to destroy resident spermatogonial stem cells. Another possibility is that recipients from the 9-Gy treatment should be used for transplantations before 6 wk after irradiation, when more vacant stem cell niches may be available. Therefore, we believe that the differing results observed in a previous study [18] and the present study with regard to the uptake rate of cells or dye may not be due to the different doses used (12 Gy vs. 15 Gy) but rather due to the different transplantation times (12 wk vs. 6 wk after irradiation).
In conclusion, we demonstrated that germ cell transplantation between different rams, and indeed between sheep breeds, can be successful. Critical for this success, we also established that a single irradiation dose of 15-Gy irradiation is an effective dose for preparation of recipient testis at a pubertal stage. Donor cell transplantation 6 wk after irradiation is suitable for maximixing the update rate of transferred cells. Furthermore, proportions of donor-origin spermatozoa of up to 30% were observed in our experiments, representing future promise for utilization of this technique in replacing AI in extensive livestock production situations, as well in generating transgenic livestock.
